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ABSTRACT
Here we present the long-term optical spectral monitoring of a changing-look active
galactic nuclei (AGN) NGC 3516 that covers 22 years (from 1996 to 2018). We explore
a variability in the broad lines and continuum, finding that the continuum is changing
by more than a factor of 2, while the broad lines are varying by more than a factor
of 10. The minimum of activity is observed in 2014, when the broad lines almost
disappeared. We confirm that NGC 3516 is a changing-look AGN, and the absorption
seen in the UV and X-ray may indicate that there is an obscuring region which is
responsible for this.
The line profiles are also changing. The mean profiles of the broad Hα and Hβ
lines show shoulder-like structure in the wings, and enhanced peak, that may indicate
a complex BLR. The rms-profiles of both lines seem to have the same shape and width
of around 4200 km s−1, indicating practically the same kinematics in the Hα and Hβ
emitting regions.
Measured time-lags between the continuum and Hα and Hβ broad-line variability
are ∼ 15 and 17 days, respectively, that in combination with the broad lines width
allows us to estimate the NGC 3516 central black hole mass. We find that the black
hole mass is (4.73±1.40)×107M⊙ which is in agreement with previous estimates.
Key words: galaxies: active – galaxies: quasar: individual (NGC 3516) – galaxies:
Seyfert – galaxies: quasars: emission lines – line: profiles
1 INTRODUCTION
The nature of the ”central engine” of active galactic nu-
clei (AGN) is still an open question. However, usually it
is assumed that the nuclear activity is caused by the ac-
cretion of matter on a super-massive black hole (SMBH,
see Rees 1984; Begelman 1985). The radiation from the
accretion disc is ionizing the surrounding gas, that forms
a so called broad line region (BLR), which is located very
close to the central SMBH (r<0.1 pc). The BLR is very
⋆ Deceased, 2019 January 28
compact (several 10s to several 100s light days), i.e. dimen-
sions of the BLR correspond to approximately 10−4 arcsec
in the nearest AGN, which is a great challenge to resolve
with the current largest telescopes, e.g. for now only the
BLR of a quasar 3C 273 is resolved using the GRAVITY
interferometer (Sturm et al. 2018). Therefore, spectroscopy
and/or spectro-polarimetry can give valuable information
about the BLR structure in a larger number of AGN (see
Afanasiev et al. 2018). Over the past 40 years, the vari-
ability of broad emission lines and continuum in the major-
ity of AGN has been detected. Already from the pioneering
works in the seventies (see Cherepashchuk & Lyutyi 1973;
c© 2018 The Authors
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Boksenberg et al. 1978) it became clear that the intensi-
ties of the broad emission lines in AGN change with a time
delay of 1-3 weeks with respect to the continuum change.
The time delay depends on the time of passage of light
through the BLR and on the BLR geometry and kinematics
(Bochkarev & Antokhin 1982; Blandford & McKee 1982)
This can be used for investigations of the BLR structure
and dimension, i.e. by finding correlations between changes
in the continuum and broad-line fluxes it is possible to ”map”
the BLR structure. This method is a so called reverberation
method (see Peterson 1993, and references therein). Addi-
tionally, one can explore the BLR evolution by studying the
variability of the broad emission lines on a long time scale,
i.e. study the changes in the BLR physics, kinematics and
geometry as a function of time. Finally, the BLR is sup-
posed to be near to the SMBH in AGN and may hold basic
information about the formation and fueling of AGN, and
especially can give information about the central black hole
mass in the case of the BLR virialization.
Here we study the variability of the broad emis-
sion lines and continuum of active galaxy NGC 3516
on a long time scale (1996–2018). NGC 3516 was one
of the first observed active galaxies that showed a vari-
able flux in the broad lines (Andrillat & Souffrin 1968)
The galaxy is a close (z∼0.009), bright (V∼12.5 mag-
nitude, but also variable) object with the morphologi-
cal type SBO. The optical spectrum of the NGC 3516
nucleus was studied repeatedly (see Collin-Souffrin et al.
1973; Adams & Weedman 1975; Boksenberg & Netzer
1977; Osterbrock 1977; Crenshaw 1986; Wanders et al.
1993, and reference therein). Strong variations in the in-
tensity of the broad lines and optical Fe II lines were re-
ported in several papers (Souffrin 1968; Andrillat 1971;
Collin-Souffrin et al. 1973; Boksenberg & Netzer 1977;
Collin-Souffrin 1980; Bochkarev et al. 1990). In NGC
3516 the contribution of the absorption spectrum of
the galactic nucleus stellar component is very significant
(Crenshaw & Peterson 1985), and in addition, NGC 3516
shows a strong intrinsic UV absorption, which is blueshifted
(Goad et al. 1999). The absorption lines width and ioniza-
tion state are consistent with one expected in the narrow
line region (NLR), i.e. it seems that the origin of the UV
absorption in NGC 3516 is in the NLR (see Goad et al.
1999).
This significant contribution of the stellar population
to the AGN continuum, estimated from the aperture of
the size of 1.0′′ × 4.0′′, is ∼70% to the continuum flux in
the Hβ wavelength region (Bochkarev et al. 1990). This
makes NGC 3516 potentially a very interesting AGN, since
there is a huge contribution of the circum-nuclear compo-
nent, and in addition, in the center resides a low luminos-
ity AGN that emits the broad Hydrogen emission which is
strongly time-variable. The observed Hα/Hβ (∼5, see e.g.
Devereux 2016) is larger than the theoretical Case B value,
which is expected from the pure photoionization model
(Osterbrock & Ferland 2006). However, a special case of
photoionizaton model could explain the observed Balmer
lines ratio (Devereux 2016), as well as some alternative ap-
proaches (Popovic´ et al. 2002). In addition, the effects of
collisional excitation and dust extinction could be the rea-
son of such large deviation of the Balmer decrement.
In 1990 the first tight spectral and photometric
optical monitoring during 5 months was performed as
part of the LAG (Lovers of Active Galaxies) collab-
oration (Wanders et al. 1993; Wanders & Horne 1994;
Onken et al. 2003). A large amplitude of variability of
broad lines and continuum, variable asymmetric line pro-
files, and a variable dip in the blue wing of Hβ were de-
tected, and time-lags were also estimated (Hα-14 and Hβ-
7 days Wanders & Horne 1994). In 2007 a high sampling
rate, 6-month optical reverberation mapping campaign of
NGC 3516, was undertaken at MDM Observatory with the
support of observations at several telescopes (Denney et al.
2010). They showed that the Hβ emission region within the
BLR of NGC 3516 has complex kinematics (clearly see evi-
dence for outflowing, infalling, and virialized BLR) and re-
ported an updated time-delay of the broad Hβ line (11.7
days). Additionally, the line shape investigation given by
Popovic´ et al. (2002) indicated a presence of a disc-like BLR
which emits mostly in the line wings, and another BLR com-
ponent (so called intermediate BLR - IBLR) which emits
narrower lines and contributes to the line core. Recently,
De Rosa et al. (2018) found that the time delay between the
continuum and Hβ is ∼4-8 days, that in combination with
the measured root-mean-square (rms) profile of Hβ width
(around 2440 km s−1) gives the central black hole mass of
log(M/M⊙) = 7.63. Finally, NGC 3516 was under the si-
multaneous monitoring in the X-ray and optical B-band in
2013–2014 (Noda et al. 2016), when the object was detected
in its faint phase.
In this paper (Paper I), we present the results of the
long-term photometric (B,V,R) and spectral (in the Hα and
Hβ wavelength band) monitoring of NGC 3516 during the
period between 1996 and 2018, and discuss the broad line
and continuum flux variability. In Paper II we are going
to investigate the changes in the BLR, i.e. in the shape of
broad lines. The paper is organized as follows: in Section 2 we
report on our observations and describe the data reduction;
in Section 3 we describe the performed data analysis, and
in Section 4 we discuss our results; finally in Section 5 we
outline our conclusions.
2 OBSERVATIONS AND DATA REDUCTION
Details about the observations, calibration and unification
of the spectral data, and measurements of the spectral fluxes
are reported in our previous works (see Shapovalova et al.
2001, 2004, 2008, 2010, 2012, 2013, 2016, 2017, and refer-
ences therein), and will not be repeated here. However, we
give some basic information about photometric and spectral
observations of NGC 3516 and data reduction.
2.1 Photometric observations
The photometry in the BVR filters of NGC 3516 was per-
formed at the Special Astrophysical Observatory of the Rus-
sian Academy of Science (SAO RAS) during the 1999 – 2017
period (139 nights) with CCD-photometers of 1-m and 60-
cm Zeiss telescopes. The photometric system is similar to
those of Johnson in B and V, and of Cousins in R spec-
tral band (Cousins 1976). The software developed at SAO
RAS by Vlasyuk (1993) was used for the data reduction.
Photometric standard stars from Penston et al. (1971), in
MNRAS 000, 1–15 (2018)
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Table 1. A sample of measured photometric magnitudes of NGC 3516. Columns are: (1): Number, (2): Modified Julian date (MJD),
(3): Mean seeing in arcsec, and (4)-(6): BRV magnitudes and corresponding errors. The full table is available online as Supporting
information.
N MJD Seeing mB ±σ mV ±σ mR ±σ
2400000+ [arcsec]
1 2 3 4 5 6
1 52996.63 1.3 13.945±0.002 13.053±0.044 12.406±0.013
2 53031.55 2.0 14.023±0.043 13.115±0.019 12.471±0.019
3 53058.48 2.5 14.044±0.007 13.129±0.039 12.422±0.081
4 53088.44 3.0 14.028±0.006 13.149±0.004 12.493±0.000
5 53122.23 3.0 13.921±0.004 13.062±0.018 12.386±0.006
6 53149.33 1.5 13.758±0.022 13.024±0.008 12.380±0.015
7 53347.57 3.0 13.773±0.009 12.999±0.005 12.341±0.011
8 53386.55 1.2 13.611±0.000 12.869±0.010 12.238±0.016
9 53405.49 2.2 13.648±0.007 12.911±0.012 12.274±0.007
10 53413.47 2.2 13.714±0.018 12.957±0.004 12.319±0.005
Table 2. Details of the spectroscopic observations. Columns are: (1): Observatory, (2): Code, (3): Telescope aperture and type of
spectrograph. (4): Projected spectrograph entrance apertures (slit width×slit length in arcsec), and (5): Focus of the telescope.
Observatory Code Tel.aperture + equipment Aperture [arcsec] Focus
1 2 3 4 5
SAO (Russia) L(N) 6 m + Long slit 2.0×6.0 Nasmith
SAO (Russia) L(U) 6 m + UAGS 2.0×6.0 Prime
GHO (Me´xico) GHO 2.1 m + B&C 2.5×6.0 Cassegrain
SAO (Russia) Z1 1 m + UAGS 4.0×19.8 Cassegrain
SAO (Russia) Z2K 1 m + UAGS 4.0×9.45 Cassegrain
Table 3. Spectroscopic observations log. Columns are: (1): Number, (2): UT date, (3): Modified Julian date (MJD), (4): Code, given in
Table 2, (5): Projected spectrograph entrance apertures, (6): Wavelength range covered, and (7): Mean seeing in arcsec. The full table
is available online as Supporting information.
N UT-date MJD Code Aperture Sp.range Seeing
2400000+ [arcsec] [A˚] [arcsec]
1 2 3 4 5 6 7
1 14.01.1996 50096.63 Z1 4.0×19.8 3738-6901 4.0
2 20.01.1996 50103.47 L(N) 4.0×19.8 5100-7300 -
3 19.03.1996 50162.31 L(N) 2.0×6.0 3702-5595 3.0
4 20.03.1996 50163.35 L(N) 2.0×6.0 3702-5595 4.5
5 05.10.1997 50726.62 L(N) 2.0×6.0 3845-6288 4.0
6 07.10.1997 50728.64 L(N) 2.0×6.0 3845-6289 4.0
7 20.01.1998 50834.34 L(N) 2.0×6.0 3838-6149 2.5
8 28.01.1998 50842.44 L(U) 2.0×6.0 4540-5348 2.8
9 22.02.1998 50867.31 L(N) 2.0×6.0 3837-6149 2.0
10 07.05.1998 50940.53 L(N) 2.0×6.0 3738-6149 3.0
Table 4. Flux scale factors ϕ and extended source correction G(g) [in units of 10−15erg cm−2s−1A˚−1] for the optical spectra in the
case of different telescopes. GHO(m) sample contains spectra with spectral resolution of 15 A˚.
Sample Years Aperture Scale factor Extended source correction
(arcsec) (ϕ± σ) G(g)
GHO 1999-2007 2.5×6.0 1.000 0.000
GHO(m) 1999-2007 2.5×6.0 1.020±0.085 0.000
L(U,N) 1999-2010 2.0×6.0 1.230±0.049 1.42±1.18
Z1K 1999-2004 4.0×19.8 1.350±0.110 6.58±0.73
Z2K 2003-2017 4.0×9.45 1.319±0.072 5.92±2.45
MNRAS 000, 1–15 (2018)
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Figure 1. Photometric light curves in B, V, R filters, transformed
into corresponding fluxes using the equations from Dietrich et al.
(1998). The fluxes are given in units of 10−15 erg cm−2s−1A˚−1.
Bottom two panels give the light curves of color indexes B-V and
V-R, in stellar magnitudes.
1998–2003, and from Doroshenko et al. (2005), in 2004–
2017, were used. In Table 1 the photometric BVR-magnitude
data for the aperture of 10′′are presented. In Figure 1 we
plot the light curves in the BVR bands and (B-V), (V-R)
color indexes. For the light curves (Fig. 1), the magnitudes
[m(B), m(V),m(R)] were transformed into fluxes F(B), F(V)
and F(R) in units of 10−15 erg cm−2 s−1 A˚−1, using the
equations from Dietrich et al. (1998).
2.2 Spectral observations
Spectral monitoring of the galaxy NGC 3516 was carried out
in 1996–2007 and 2014–2018 during ∼160 observing nights.
Spectra were taken with the 6 m and 1 m telescopes of the
SAO RAS, Russia (1996–2018), and with the 2.1 m telescope
of the Instituto Nacional de Astrof´ısica, O´ptica y Electro´nica
(INAOE) at the ”Guillermo Haro Observatory” (GHO) at
Cananea, Sonora, Mexico (1998–2007). They were obtained
with long-slit spectrographs equipped with CCDs. The typ-
ical covered wavelength interval was from ∼3700 A˚ to 7700
A˚, the spectral resolution was between ∼(8–10) A˚ or (12–
15) A˚, and the signal-to-noise (S/N) ratio was ∼40–50 in the
continuum near the Hβ and Hα lines. Spectrophotometric
standard stars were observed every night. Table 2 provides
a short information on the source of spectroscopic observa-
tions. The log of spectroscopic observations is given in Table
3. The spectrophotometric data reduction was carried out
using either the software developed at SAO RAS (Vlasyuk
1993) or the IRAF package for the spectra obtained at GHO,
and it included bias and flat-field corrections, cosmic ray re-
moval, 2D wavelength linearization, sky spectrum subtrac-
tion, addition of the spectra for every night, and relative
flux calibration based on spectrophotometric standard star
observations. In the analysis, about 10% of the spectra were
discarded for several different reasons (e.g. high noise level,
badly corrected spectral sensitivity, poor spectral resolution
>15 A˚, etc.). Thus, our final data set consists of 123 blue
(covering Hβ) and 89 red (covering Hα) spectra, taken dur-
ing 146 nights, which we use in further analysis.
Additionally, we observed NGC 3516 with the 6 m tele-
scope with the SCORPIO-2 spectrograph on February 1,
2017 in the spectral range from 4820 A˚ to 7060 A˚. The ob-
servations were done in spectro-polarimetic mode with the
grating VPHG1800@590 giving a dispersion of 0.5 A˚ per
px with a spectral resolution of 4.5 A˚. The slit width was
2′′, and the height was 57′′. The exposure time was 3600
s and seeing was 2.3′′. The observed spectrum is shown in
Figure 2 (top panel), from which, due to its high-quality
we could extract the composite spectra (aperture size of
2′′×4′′, top spectrum, bottom panel), the spectrum of the
host galaxy (middle spectrum, bottom panel) and the pure
AGN spectrum (bottom spectrum, bottom panel). To sub-
tract the host galaxy spectrum from the composite one, we
extracted the offset spectra from two regions in the range
from -3′′to -18′′below and from +3′′’ to +18′′above the cen-
ter. The averaged values (middle spectrum, bottom panel)
is subtracted from the composite spectrum, and we obtained
the spectrum of the pure AGN (bottom spectrum, bottom
panel), which is showing the presence of weak broad com-
ponents in the Hα and Hβ lines. As it can be seen from the
Figure 2 the narrow and broad lines are present.
The above procedure for the host-galaxy subtraction,
could be done only in the case of the latest high-quality
spectrum. In order to test if there is a ”hidden” broad-line
component in the Hα and Hβ line profiles in all spectra from
our campaign, we estimated the host-galaxy contribution us-
ing the spectral principal component analysis (PCA), a sta-
tistical method which is described in Francis et al. (1992);
Vanden Berk et al. (2006). We applied the PCA to the year-
average spectra, obtained from those spectra covering the to-
tal wavelength range. Vanden Berk et al. (2006) introduced
the application of this statistical method for spectral de-
composition of a composite spectrum into a pure-host and
pure-AGN part. The PCA uses eigenspectra of AGN and
galaxies, whose linear combination can reproduce the ob-
served spectrum (see Francis et al. 1992; Connolly et al.
1995; Yip et al. 2004a,b, etc.). An example of the PCA de-
composition of the year-average observed spectrum (from
1997) to the host-galaxy and pure-AGN spectrum is shown
in Figure 3. The obtained host-galaxy spectra were sub-
tracted from the observed year-average spectra in order to
obtain the pure AGN component.
MNRAS 000, 1–15 (2018)
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Figure 2. The image of the observed spectrum of NGC 3516 in 2017 (top panel), and from top to bottom (bottom panel): the extracted
composite (aperture of 2′′×4′′) , host galaxy, and pure AGN spectrum, respectively.
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Figure 3. The PCA decomposition of the year-average spectrum
in 1997.
2.3 Absolute calibration (scaling) of the spectra
Usually, for the absolute calibration of the spectra of AGN,
fluxes in the narrow emission lines are used because it is
assumed that they are not variable at intervals of tens of
years (Peterson 1993). All blue spectra of NGC 3516 were
thus scaled to the constant flux of F([O III] λ(5007+4959)
= 4.47×10−13 erg cm−2 s−1. This value is obtained us-
ing the data of Denney et al. (2010) for F([O III] λ5007)=
3.35×10−13 erg cm−2 s−1 and the flux ratio of F([O III]
λ5007)/F([O III] λ4959) = 3 (see Dimitrijevic´ et al. 2007).
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Figure 4. Observed spectra in the minimum and maximum of
activity during the monitored period (epoch of observations de-
noted in the upper left corner).
The scaling method of the blue spectra (see
Shapovalova et al. 2004) allows us to obtain a homogeneous
set of spectra with the same wavelength calibration and the
same [O III] λ4959+5007 fluxes. The spectra obtained us-
ing the SAO 1-m telescope with the resolution of ∼8-10 A˚
(UAGS+CCD2K, Table 2) and spectra of 2.1m telescope
with the resolution ∼12-15 A˚ (Boller&Chivens spectrograph
+ a grism of 150 l/mm) are covering both the Hα and Hβ
spectral bands. These spectra were scaled using the [O III]
MNRAS 000, 1–15 (2018)
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λ4959+5007 lines, and consequently, the red spectral band
was automatically scaled to the flux of these lines.
The blue spectra of NGC 3516 in the wavelength region
of ∼(3700–5800) A˚ and with the spectral resolution of ∼8
A˚, taken with the 6 m and 1 m telescopes of SAO RAS and
with the 2.1 m telescope of GHO1 were also scaled using
the flux of the [O III] λ4959+5007 lines. The red spectra
observed at the same night (or next night) in the wave-
length region (5600–7600) A˚ were first scaled to the fluxes
of [S II] λ6717+6731 lines, and then the scaling was cor-
rected using the overlapping continuumwith the correspond-
ing blue spectrum which was scaled to [O III] λ4959+5007.
The [S II] λ6717+6731 total flux was determined from the
scaled spectra covering the entire wavelength range. How-
ever, the accuracy of the scaling of the red region depends
both on the accuracy of the determination of the [S II] lines
flux and on the slope of the continuum. In the spectra of
NGC 3516, the fluxes in the [S II] λλ6717,6731 lines are al-
most an order of magnitude smaller then the fluxes in the
[O III] λλ4959,5007 lines. Therefore, when scaling to the [S
II] λ6717+6732 flux, the scaling accuracy varied within 2-
10%, depending on the quality of the spectrum. To improve
the accuracy of the scaling, we used overlapping sections of
the continuum of the blue and red spectra recorded on the
same or next night. However, in this case the accuracy of the
scaling procedure depends strongly on the determination of
the continuum slope in the blue and red spectral band, i.e.
one has to carefully account the spectral sensitivity of the
equipment. This has been performed by using the compari-
son stars. In poor photometric conditions (clouds, mist, etc.)
the reduction can give a wrong spectral slope (fall or rise)
and, consequently, the errors in the scaling procedure for the
Hα wavelength band can be larger. Usually (as a rule), the
fluxes in the Hα line and red continuum determined from
the spectra scaled to the [S II] λ6717+6731 flux or using
the overlapping sections of the continuum show little differ-
ence (less than 5%), but in several red spectra (∼6%) the
fluxes differ up to 10%. In the latter case, we used the flux
from the average spectrum. Similarly, in the case of spectra
that cover the whole wavelength range, which were scaled
to [O III] λ4959+5007, for better precision, we also scaled
the spectra using the flux in [S II] λ6717+6731. Then we
compared the fluxes in the Hα line and the red continuum
obtained from two differently scaled spectra, and if there
were differences of more than 5%, the average flux was used.
As it was mentioned at the beginning of Section 2, more de-
tails on the scaling can be found in our previously published
papers (see e.g. Shapovalova et al. 2001, 2004, 2008, 2010,
2012, 2013, 2016, 2017).
2.4 Measurements of the spectral fluxes, their
unification and errors
Using the scaled spectra, we determined the fluxes in the
blue and red continuum and in the broad emission lines for
each data set (i.e. data with a given aperture and telescope
from Table 2). The average flux in the continuum near the
Hβ line at the observed wavelength 5145 A˚ (∼5100 A˚ in the
rest frame) was obtained by averaging flux in the spectral
1 Code L(N), L(U), Z1 and GHO from Tables 2 and 3
range of (5130–5160) A˚. The continuum near the Hα line
at the observed wavelength 6385 A˚ (∼6330 A˚ in the rest
frame), was measured by averaging fluxes in the spectral
range of (6370–6400) A˚. To measure the observed fluxes of
Hα and Hβ, it is necessary to subtract the underlying con-
tinuum. For this goal, a linear continuum was fitted through
the windows of 20 A˚, located at observed wavelength 4760
A˚ and 5120 A˚ for Hβ, and at 6390 A˚ and 6820 A˚ for Hα.
After the continuum subtraction, we defined the line fluxes
in the following observed wavelength bands: from 4845 A˚ to
4965 A˚ for Hβ and from 6490 A˚ to 6750 A˚ for Hα.
In order to investigate the long-term spectral vari-
ability of an AGN, it is necessary to gather a consistent
and uniformed data set. Since observations were carried
out using instruments of different apertures, it is necessary
to correct the line and continuum fluxes for these effects
(Peterson & Collins 1983). As reported in our previous pa-
pers (Shapovalova et al. 2001, 2004, 2008, 2010, 2012, 2013,
2016, 2017) we determined a point-source correction factor
(ϕ) and an aperture-dependent correction factor to account
for the host galaxy contribution to the continuum (G(g)).
We used the following expressions (see Peterson et al. 1995)
F (line)true = ϕ× F (line)obs (1)
F (cont)true = ϕ× F (cont)obs −G(g) (2)
where index ”obs” denotes the observed flux, and ”true”
the aperture corrected flux. The spectra of the 2.1 m tele-
scope at GHO (INAOE, Mexico) within an aperture of
2.5′′×6.0′′were adopted as standard (i.e. ϕ= 1.0, G(g)=0
by definition). The correction factors ϕ and G(g) are deter-
mined empirically by comparing pairs of simultaneous ob-
servations from each of given telescope data sets (see Table
4) to that of the standard data set (as it was used in AGN
Watch, see e.g. Peterson et al. 1994, 1998, 2002). The time
intervals between observations which were defined as quasi-
simultaneous are typically of 1-3 days. In Table 5, the fluxes
for the continuum at the rest-frame wavelengths at 5100 A˚
and 6330 A˚, as well as the Hβ and Hα lines and their errors
are given. The mean errors of the continuum and line fluxes
are in the interval between 3.3% and 4.5%. The error-bars
were estimated by comparing measured fluxes from the spec-
tra obtained within the time interval that is shorter than 3
days. The flux errors listed in Table 5 were estimated using
the mean errors.
3 DATA ANALYSIS AND RESULTS
In this section we present our results. First we shortly give
an analysis of the photometric observations, and then of
the spectral observations, which contain the continuum and
broad line variations.
3.1 Photometric results
Our photometric results are presented in Figure 1, where
we show the observations in B, V, and R filters. As one can
see in Figure 1, the photometric observations show the same
variability in all three considered filters. Since there is a lack
of data between 2008 and 2012, we cannot be sure that the
maximum in the light curve was in 2007, but it seems it
was close to the maximum. The minimum was in 2014, and
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also in the following years (2014–2018), there were no large
changes in the photometric data.
The color B-V and V-R diagrams (Fig. 1, two bottom
panels) show that in the high activity phase (2002–2008), the
slope of the spectra from blue to red band was much steeper
(bluer) than in the minimum phase (2012–2018), when the
continuum was almost flat. It is also evident from Figure
1 that for every increase in the brightness (flux) the colors
decreased (i.e. became bluer), which is expected in case of
AGN.
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Table 5. The measured continuum and line fluxes, and their estimated errors. Columns are: (1): Number of spectra, (2): UT-date,
(3): Modified Julian Date (MJD), (4): Blue continuum, (5): Hβ, (6): Red continuum, and (7): Hα. The line fluxes are in units of
10−13erg cm−2s−1, and continuum fluxes in units of 10−15erg cm−2s−1A˚−1. The full table is available online as Supporting information.
N UT-date MJD F5100 ± σ F(Hβ)±σ F6330 ± σ F(Hα)±σ
1 2 3 4 5 6 7
1 14.01.1996 50096.63 26.17±1.10 14.41±0.62 - -
2 20.01.1996 50103.47 - - 26.71±0.88 64.82±2.92
3 19.03.1996 50162.31 23.36±0.98 14.82±0.64 22.68±0.75 62.77±2.82
4 20.03.1996 50163.35 26.07±1.10 14.53±0.62 25.15±0.83 61.22±2.75
5 05.10.1997 50726.63 24.49±1.03 12.30±0.53 23.94±0.79 54.77±2.46
6 07.10.1997 50728.64 24.07±1.01 11.31±0.49 24.20±0.80 54.55±2.45
7 20.01.1998 50834.34 23.62±0.99 11.06±0.48 18.60±0.61 44.87±2.02
8 28.01.1998 50842.44 22.69±0.95 12.45±0.54 19.50±0.64 45.49±2.05
9 22.02.1998 50867.31 20.85±0.88 10.51±0.45 - -
10 07.05.1998 50940.53 20.92±0.88 10.09±0.43 - -
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Table 6. Parameters of the continuum and line variations.
Columns are: (1): Analyzed spectral feature, (2): Total number
of spectra, (3): Mean flux, (4): Standard deviation, (5): Ratio of
the maximal to minimal flux, (6): Variation amplitude (see text).
Continuum flux is in units of 10−15erg cm−2s−1A˚−1 and line flux
in units of 10−13erg cm−2s−1.
Feature N F (mean) σ(F ) R(max/min) F (var)
1 2 3 4 5 6
cont 6330 89 19.3 3.1 2.0 0.158
cont 5100 122 19.0 4.1 2.7 0.167
Hα - total 89 33.5 11.1 9.7 0.331
Hβ - total 122 7.0 3.1 13.9 0.442
3.2 Spectral results
First we inspect the spectra obtained during the whole long-
term period, finding that the maximum in the optical spec-
tra was in 2007, and minimum (as also in photometric ob-
servations) in 2014. As it is shown in Figure 4 we explore the
optical spectra in these two extreme epochs, finding that in
the maximum, the continuum is strong, and broad lines are
very prominent, showing typical Sy 1 spectrum. In the max-
imum phase there are Balmer lines from Hα to Hδ, and also
very intense Fe II lines, especially, the Fe II feature between
Hβ and Hγ lines (Fig. 4).
On the other hand, in the minimum phase (Fig. 4), the
broad lines disappeared, and the spectrum of NGC 3516 is
similar to Sy 2 spectrum, without strong continuum and
broad lines. Additionally, it is interesting that in contrast to
a typical Sy 2 spectrum, in the composite spectrum during
the minimum, there is no narrow Hβ line, which is proba-
bly absorbed. The absorption lines from the host galaxy are
dominant, showing both forbidden and permitted narrow
emission lines.
Since we find an extreme difference between the NGC
3516 spectrum in the phase of minimum and maximum ac-
tivity, we explore how much the result can be affected by
some artificial effects (as e.g. slit motion). Therefore, we re-
peated long-slit observations with 6 m telescope of SAO RAS
in Febuary 01, 2017 (Fig. 2), and we find that after subtract-
ing the host galaxy contribution there is a very weak Hβ
broad component, which cannot be seen in the composite
spectra from our monitoring campaign.
The light curves of broad line and corresponding con-
tinuum fluxes are shown in Figure 5, from which it can be
seen that the active phase was more-or-less present in the
whole monitored period, beside several last years. In Figure
5, we also plot the observed fluxes of Hβ and continuum
at λ5100A˚ reported in De Rosa et al. (2018), which cover
only a small part of the period uncovered by our monitoring
campaign. As it can be seen in Figure 5, the observations
of De Rosa et al. (2018) fit very well our photometric and
spectral observations.
In general it is expected that the line flux variation is
well correlated with the continuum flux variation, however
in some well-known AGNs this is not the case, e.g. in NGC
4151 (see Shapovalova et al. 2008) or Arp 102B (see Shapo-
valova et al. 2013). In addition, as it was noted above, NGC
3516 contains a low-luminosity AGN, and it is interesting
to explore the response of the line flux to the continuum
flux variability. To test this, we plot in Figure 6 the flux of
Hβ (left panel) and Hα (right panel) as a function of the
continuum flux at 5100 A˚ and 6330 A˚, respectively. Figure
6 shows that there are good correlations between the line
and corresponding continuum (r=0.81 for Hβ, and r=0.79
for Hα), however there is a large scatter especially in the
case of the weak broad line flux. This is expected since in
the low activity phase the weakness of broad emission lines
is due to the lack of an ionizing continuum from the nucleus
(Kim et al. 2018).
On the other hand, a better correlation is obtained be-
tween the broad Hα and Hβ lines (r = 0.95) and between
the blue and red continuum (r = 0.90), which is shown in
Figure 7. This is expected, and it confirms that the relative
flux calibration of the blue and red spectra obtained from
different telescopes was done correctly.
3.2.1 Variability of the emission lines and the optical
continuum
As it can be seen in Figures 1 and 5, there is a large variabil-
ity in the spectra during the monitored period. To explore
the rate of variability we calculate the variation amplitude
using the method given by O’Brien et al. (1998) and present
it in Table 6. The changes in the continuum were around two
times (2.7 times for λ5100 A˚ and 2 times for λ6330 A˚), which
is usual for Sy 1 galaxies (see e.g. Shapovalova et al. 2017).
However, the line flux changed for somewhat more than 10
times (Tab. 6), which is expected in AGN which change their
type, as e.g. in Fairall 9 in which broad line fluxes changed
by more than an order of magnitude also changed its type
from Sy 1 to Sy 1.9 (Kollatschny & Fricke 1985).
Additionally, there is a big change in the line profiles.
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We show the mean and rms-profiles of the broad Hα and
Hβ lines in Figure 8, from which it can be seen that the
mean profile of Hα and Hβ lines show structures in the blue
and red wing, like shoulders which may indicate a complex
BLR (see Popovic´ et al. 2002). We construct the mean and
rms-profiles for both lines using only spectra with resolu-
tion of 8 A˚ and find that the full width at half maximum
(FWHM) of the mean Hα is 3560 km s−1 (the FWHM of
Hα rms-profile is 4110 km s−1), whereas the mean Hβ seems
to be broader with the FWHM of 5120 km s−1 (the FWHM
of Hβ rms-profile is 4360±80 km s−1). For the FWHM of
Hβ rms-profile, which is later used for the black hole mass
estimation, we estimated the uncertainty by making several
measurements for different levels of the underlying contin-
uum, taking the resulting average for the FHWM and the
uncertainty to be 1σ. Both mean-profiles and their rms show
a red asymmetry, that may be caused by the inflow or gravi-
tation redshift (see Jonic´ et al. 2016), but also other effects
can be present, as e.g. it could imply outflow if the inward
facing side of the BLR clouds are brighter than the outward
face, as it is suggested by photoionization modeling. Both
rms-profiles have the same shape (see Figure 8, right panel),
which indicates similar kinematics of both regions.
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and Hβ (bottom). The error bars show the ZDCF for observed and
GP modeled curve. The vertical lines mark the obtained time lag
for the observed (dashedaˆA˘S¸dotted) and GP modeled light curve
(solid).
3.3 Time-lag and periodicity analysis
The time-lags between light curves in the Hα, Hβ lines and
corresponding continuum bands are determined from the
z-transformed discrete correlation function (ZDCF) anal-
ysis (following the technique detailed in Alexander 1997;
Popovic´ et al. 2014; Shapovalova et al. 2016, 2017). Note
that the light curves are sampled at the same time, as noted
in Edelson, & Krolik (1988)
Our long-term observations are covering 22 years, how-
ever since there is a large gap after year 2007, in this anal-
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ysis we used only the part of the light curve up to year
2007 (MJD 54500). In addition, we modeled Gaussian Pro-
cess (GP) simulated light-curves, which are shown in Figure
9, in order to obtain the time lags in case of light curves
with increased sampling rate. The ZDCF analysis applied
to both observed and GP simulated light curves, and their
ZDCFs are presented in Figure 10. Time-lags with the corre-
sponding ZDCFs are given in Table 7. We find the time-lag
of observed Hα and continuum τzdcf = 0.0
+2.0
−2.0 days and
cross correlation coefficient of rzdcf = 0.69
+0.07
−0.08 . Their GP
counterparts exhibit larger lag of τzdcf = 15.0
+5.0
−0.0 days and
similarly larger values of rzdcf = 0.81
+0.01
−0.01 . In the case of
Hβ and its continuum the time-lag for observed light curves
is τzdcf = 9.7
+20.3
−8.7 days, which rzdcf = 0.79
+0.05
−0.05 is slightly
larger then in the case of observed Hα (Fig. 10). Their GP
counterparts show the largest time-lag τzdcf = 17.0
+5.0
−0.0 days
and rzdcf = 0.85
+0.01
−0.01 . Results based on the GP light curve
analysis suggest that the time-lag of Hβ could be larger than
Hα with the upper limit of about 20 days.
In addition, the time lags were also calculated
with the modified versions of the Interpolated Cross-
Correlation Function (ICCF Gaskell & Sparke 1986),
as well as the Discrete Cross-Correlation Function
(DCCF Edelson, & Krolik 1988), as explained in
Patin˜o-A´lvarez et al. (2013). Both methods produced
almost the same time lags for both Hα and Hβ lines.
Finally, we generated two artificial light curves of the
duration of 4920 days, starting from the power spectral den-
sity function, with the 30-days cadence and 15 days time lag
between them, added the red noise, and applied the ZDCF
method. The ZDCF was able to detect the 15 days time
lag with small uncertainty in both cases, with and without
red noise. If we randomly extract 70 points from the arti-
ficial light curves with red noise, and apply the ZDCF, the
obtained time lag is again the same, i.e. τzdcf = 12.0
+3.1
−27.1
(rzdcf = 0.96
+0.01
−0.01). Therefore we concluded that the sam-
pling rate is influencing more the uncertainty than the esti-
mated time lags. We show that all methods and tests give
similar results for the time lags, and later in the text we will
use the time lag obtained from the ZDCF method applied
on the GP modeled light-curves for the calculation of the
mass of the SMBH.
We note that in the case of long term light-curves, the
aˆA˘IJred noise problemaˆA˘I˙ could affect the estimated time
lags, in such a way that in addition to the variations on
the reverberation timescale, there are longer term variations
that bias the estimated lag to larger values, as it was noted
by Peterson et al. (2002) for NGC 5548, which is a binary
black hole candidate (Bon et al. 2016; Li et al. 2016). In
some cases, the problem of time lag estimates from the ”red
noise” light curves has been mitigated with the Gaussian pro-
cess regression (MacLeod et al. 2010; Pancoast et al. 2011;
Tewes et al. 2013), which we also applied here. However, we
cannot neglect a possibility that true time lag may be some-
what smaller then our analysis indicates.
3.3.1 Periodicity
In order to test for any meaningful signal in the light curves,
we calculate for observed and GP light curves Lomb-Scargle
periodogram with a bootstrap analysis to assess its signifi-
cance as it is described in Shapovalova et al. (2016, 2017).
Table 7. The results of the ZDCF analysis. Columns are: (1):
Analyzed light curves. (2): Number of points. (3): Time-lag in
days from the ZDCF. (4): ZDCF correlation coefficient.
Light curves N τzdcf [days] rzdcf
1 2 3 4
GP cnt vs Hα 3728 15.0+5.0
−0.0
0.81+0.01
−0.01
GP cnt vs Hβ 3728 17.0+5.0
−0.0
0.85+0.01
−0.01
OBS cnt vs Hα 50 0.0+2.0
−2.0
0.69+0.07
−0.08
OBS cnt vs Hβ 63 9.7+20.3
−8.7
0.79+0.05
−0.05
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Figure 11. Lomb-Scargle periodogram of the observed light
curves, red noise and GP models. The horizontal lines show the
1% and 5% significance levels for the highest peak in the peri-
odogram, determined by 1000 bootstrap resamplings.
We test whether a purely red noise model can produce
a periodic variability of light curves. We obtain random
light curves from the Ornstein–Uhlenbeck (OU) process (red
noise) sampled to a regular time interval.
The periodogram analysis (Fig. 11) shows that there
are no significant periodic signals. The largest peak of each
curve corresponds to the whole observed period However,
in the Hβ line one can see a peak at about ∼523 days, the
continuum at λ5100 A˚ has a peak at ∼698 days, whereas
the Hα line has a peak at ∼ 515 days. On the other hand,
GP light curves calculated from the observed light curves do
not exhibit any significant periodic signal.
4 DISCUSSION
In this paper we investigate the long-term photometric and
spectroscopic variability of NGC 3516 observed with three
telescopes in a monitoring campaign that lasted for 22 years
(from 1996 to 2018). We find that the intensity in the broad
lines as well as in the continuum flux was changing at a rate
between two times in the continuum flux, and more than ten
times in the broad-line flux. NGC 3516 changed the type of
activity during the monitoring campaign, having the typical
Sy 1 spectrum in the first period of the campaign, and chang-
ing from 2014 to the spectrum which is without broad lines,
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Figure 12. Year-average host-galaxy and continuum subtracted spectra, obtained for those spectra covering the total wavelength range.
All spectra are normalized to the [O III] λ5007 intensity and shifted for comparision.
similar to the spectrum of Sy 2 galaxies, which is clearly
visible in Figure 12 where we plot the year-average spectra
corrected for the host-galaxy and continuum. We note that,
as can be seen in Figure 4, the Hβ narrow line also disap-
peared in the composite spectrum in 2014. It seems that the
stellar absorption of Hβ in the low-state phase is too strong
that the narrow emission was absorbed, which is clear from
the host-galaxy corrected spectrum in which the narrow Hβ
is slightly appearing in 2014 (Fig.12). Such a low-state was
also observed in the X-ray (Noda et al. 2016), since obser-
vations in 2013–2014 showed that the X-ray emission in this
period was at level of just 5% of the average flux observed
in 1997–2002 period (Noda et al. 2016).
As we noted above, we performed observations in 2017
to get the high resolution spectrum of the AGN in the min-
imum phase (see §2). Figure 2 shows that after subtracting
the host galaxy spectrum, there are very weak broad emis-
sion lines (Hα, but also Hβ). We compare the broad line
profiles of Hβ and Hα (Fig. 13) and find that they have
practically the same line profiles. The Hα and Hβ have also
the same FWHMwhich is around 2000 km s−1 (Fig. 13). The
FWHM from this period is around two times smaller than
the FWHM of the averaged line profile, and both broad com-
ponents are significantly shifted to the blue (around 1000 km
s−1), which can indicate both the outflow in the minimum
phase, and also the disc emission (Popovic´ et al. 2002). The
shifted broad Hβ and Hα with an extensive red wing can be
created in an outflowing disc-like BLR (as it was discussed
and presented in Figure 19 of Popovic´ et al. 2011). The in-
vestigation of the broad line profiles and consequently the
model of the BLR structure of NGC 3516 will be given in
Paper II.
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Figure 13. The comparison of the broad Hα and Hβ profiles
observed in 2017 with SCORPIO-2 spectrograph at the 6-m tele-
scope, during the phase near minimal activity.
Additionally, we measure the narrow line ratios in the
minimum phase and we obtain [O III]λ5007/Hβ=10.3, [N
II]λ6583/Hα=3.8, which indicates the strong shock wave ex-
citation in the narrow line region, that can be in the pro-
cess of gas outflowing on the edge of the ionization conus
(Afanasiev et al. 2007).
Variability in the line profiles of broad Balmer lines is
high, as we noted above, the broad component almost dis-
appeared in the last period of the monitoring campaign (in
2014), and after the total minimum, the low-flux broad lines
started to appear, as e.g. in 2017. The line variability in
the UV spectral range was reported by Goad et al. (1999).
They found that high-ionization emission lines (Lyα λ1215,
C IV λ1549, N V λ1240, and He II λ1640) showed significant
variation that was of the order of a factor of ∼2, similar as
we find in the Hβ and Hα lines.
One of the most interesting facts is that NGC 3516 is
the changing-look AGN (Fig. 12), and the nature of these ob-
jects can be different (see Matt et al. 2003; Bianchi et al.
2005; Kim et al. 2018; Node & Done 2018, etc.). If an AGN
is a changing-look from type 1 to type 1.9 or 2, this can be
explained via a variable absorption of matter between an
observer and the accretion disc. In that case the obscuring
material (e.g. dust clouds) should have a patchy distribution,
then the dynamical movement of dust clouds can result in
a change of the continuum (and broad line) emission, which
affects the current classification.
On the other side, any lack of accretion (that may be
caused by different effects) could result in the lack of the
ionization continuum, and consequently in the lack of broad
emission lines (see Kim et al. 2018; Node & Done 2018).
As e.g. Mrk 1018 changed from type 1.9 to 1 and returned
back to 1.9 over a period of 40 years (Kim et al. 2018). From
our observations we could not see that there was a change in
the past, since 1996, when we started our monitoring cam-
paign. However, from the comparison of the Hβ profile ob-
served in 1943 by Seyfert (1968) and in 1967 by (Andrillat
1968), it can be clearly seen that the broad Hβ component
was present in the observation from 1943, and was absent
in the epoch of 1967 (see Fig. 3 in Andrillat 1968). There-
fore we can not exclude that there is some repetition of the
changing look of NGC 3516 (with some periodicity) that
should be investigated in the future. Additionally, there is
something in common with Mrk 1018, since both AGN in the
phase of type 1 showed complex broad Balmer lines which
indicate more than one emission line region (Popovic´ et al.
2002; Kim et al. 2018). Finally, we note that NGC 3516
showed a strong absorption in the UV lines (Goad et al.
1999), as well as in the X-ray continuum (see Kraemer et al.
2002; Turner et al. 2011; Holczer & Behar 2012, etc.).
4.1 Black hole mass determination
The SMBH mass (MBH) of NGC 3516 can be estimated
using the virial theorem (see Peterson 2014):
MBH = f
∆VFWHMRBLR
G
, (3)
where ∆VFWHM is the line-of-sight orbital velocity at the
radius RBLR of the BLR, which is estimated from the width
of the variable part of the Hβ emission line, and f is a fac-
tor that depends on the geometry and orientation of the
BLR. Different values are obtained for the scale factor f ,
depending whether it was determined statistically (see e.g.
Onken et al. 2004; Woo et al. 2015) or by detailed model-
ing of the reverberation data (see e.g. Pancoast et al. 2014;
Grier et al. 2017).
Here we will use the recent result for the f factor from
Woo et al. (2015) who obtained logf = 0.05 ± 0.12 for the
Hβ FWHM-based MBH estimates. Taking into account that
the dimension of the Hβ BLR is ∼ 17 light days and that the
FWHM of the Hβ rms-profile is 4360 km s−1, we obtained
that the central SMBH has a mass of (4.73±1.40)×107 M⊙
(log(M [M⊙]) = 7.67). The uncertainty in the time lag and
FWHM are propagated through to calculate the formal mass
uncertainty.
Although we used the FWHM of the Hβ line in
our analysis, we obtain the result which is in agree-
ment with the estimates of other authors who calculated
the mass based on the line-dispersion, i.e. Peterson et al.
(2004) found that the mass is (4.27±1.46)×107M⊙
(log(M [M⊙]) = 7.63), Denney et al. (2010) reported the
mass of (3.17+0.28−0.42)×10
7M⊙(log(M [M⊙]) = 7.50), and the
most recent finding of De Rosa et al. (2018) is the mass of
(4.27±1.35)×107M⊙ (log(M [M⊙]) = 7.63).
5 CONCLUSIONS
Here we present the long-term (from 1996 to 2018) pho-
tometric and spectroscopic monitoring campaign for NGC
3516. We analyze observations in order to explore the
long-term variability in spectral characteristics of the ob-
ject. NGC 3516 is known as variable object from X-ray
(Noda et al. 2016) to the optical (Denney et al. 2010;
De Rosa et al. 2018) spectra. From our analysis of the long-
term monitoring we can outline following conclusions:
(i) During more than 20 years of monitoring, the range of
continuum flux (blue at 5100 A˚ and red at 6330 A˚) variations
exceeded a factor of two, whereas the range of broad lines
variations were of the order of magnitude. This causes a huge
change in the optical spectrum of NGC 3516, that mostly,
during the monitored period has typical Sy 1 spectrum, but
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from 2014, in the minimum of activity, the broad lines almost
disappeared, and NGC 3516 has the spectrum which is typ-
ical for Sy 2 galaxies, beside the narrow Hβ line, which also
disappeared in the composite spectrum after 2014 (Fig.12).
This indicates a strong absorption in this period. The spec-
trum did not change a lot in the following four years, until
the end of the monitoring in 2018, when only a weak broad
Hα and Hβ components are present. These components have
the same shape (blue-shifted peaks around 1000 km s−1 and
larger red wing) with smaller FWHM (around 2000 km s−1)
than averaged broad line profiles (FWHM ∼ 4000-5000 km
s−1). This indicates that the structure of the BLR was sig-
nificantly changed.
(ii) During the main monitoring period (1996aˆA˘S¸-2007),
there is a good correlation between fluxes in the broad lines
and the corresponding continuum (r ∼ 0.8). This indicates
that the main mechanism for the formation of broad emis-
sion lines in the BLR is the photoionization by the contin-
uum from the nucleus. However, in the low activity phase
broad-line fluxes are caused mainly by shock excitation as a
result of an outflow, and not by photoionization from a pure
AGN (see Fig. 5 and discussion).
(iii) We find that the BLR has a dimension of 17 light
days of Hβ. Using this dimension, and the FWHM of Hβ
rms-profile we find that the mass of the central black hole is
(4.73±1.40)×107M⊙, that is in an agreement with previous
estimates (Denney et al. 2010; De Rosa et al. 2018).
(iv) The mean and rms line profile indicate a complex
BLR, probably with two components (see Popovic´ et al.
2002), however we did not investigate the broad line pro-
file in more details, and we leave the investigation of the
broad line structure to Paper II.
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